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Selected reaction monitoring on a triple quadrupole mass
spectrometer is currently experiencing a renaissance
within the proteomics community for its, as yet, unparal-
leled ability to characterize and quantify a set of proteins
reproducibly, completely, and with high sensitivity. Given
the immense benefit that high resolution and accurate
mass instruments have brought to the discovery proteom-
ics field, we wondered if highly accurate mass measure-
ment capabilities could be leveraged to provide benefits
in the targeted proteomics domain as well. Here, we pro-
pose a new targeted proteomics paradigm centered on
the use of next generation, quadrupole-equipped high
resolution and accurate mass instruments: parallel reac-
tion monitoring (PRM). In PRM, the third quadrupole of a
triple quadrupole is substituted with a high resolution and
accurate mass mass analyzer to permit the parallel de-
tection of all target product ions in one, concerted high
resolution mass analysis. We detail the analytical per-
formance of the PRM method, using a quadrupole-
equipped bench-top Orbitrap MS, and draw a perform-
ance comparison to selected reaction monitoring in terms
of run-to-run reproducibility, dynamic range, and mea-
surement accuracy. In addition to requiring minimal up-
front method development and facilitating automated
data analysis, PRM yielded quantitative data over a
wider dynamic range than selected reaction monitoring
in the presence of a yeast background matrix because
of PRM’s high selectivity in the mass-to-charge domain.
With achievable linearity over the quantifiable dynamic
range found to be statistically equal between the two
methods, our investigation suggests that PRM will be a
promising new addition to the quantitative proteomics
toolbox. Molecular & Cellular Proteomics 11: 10.1074/
mcp.O112.020131, 1475–1488, 2012.

The most widespread protein sequencing technique is the
shotgun method. Proteins are digested into peptides, chro-

matographically separated, and measured by mass spec-
trometers (1–10). Many types of mass spectrometers are
used—quadrupole ion traps, quadrupole ion trap hybrids
such as the QLT (quadrupole linear ion trap)-Orbitrap or QLT-
FT-ICR, and quadrupole time-of-flight (Q-TOF) hybrids—but,
the experiments, from the MS measurement onward, are ba-
sically identical: the masses of eluting cationic peptide pre-
cursors are measured in a MS scan, and the most abundant
precursors are selected in series for successive tandem MS
events (MS/MS). This process, called data-dependent acqui-
sition, continues for the duration of a chromatographic sepa-
ration, and constant MS operation in this manner can gener-
ate hundreds of thousands of spectra in days. These spectra
are then mapped to peptide or protein sequence databases
using highly-evolved database search algorithms (11–13).
Successful results can be obtained within just a few days and
are nothing short of spectacular: tens of thousands of unique
peptide spectral matches mapping to several thousand
unique protein isoforms have become the norm. Although this
approach certainly can achieve ultra-high-throughput, it is
unfortunately lacking in sensitivity and reproducibility. Specif-
ically, complete coverage of specific biological pathways or
functional groups is not typical (i.e. all 500 kinases, 1400
transcription factors, etc.). Likewise, the overlap of identifica-
tions in replicate experiments is low (35–60%) (14, 15).

The limitations of the shotgun method have propelled a
recent fervor in targeted proteomic methods—namely, se-
lected reaction monitoring (SRM1, also known as MRM, mul-
tiple reaction monitoring) (16–21). SRM achieves the repro-
ducibility and sensitivity that the shotgun approach lacks, and
even offers a route to determine absolute abundance (21). By
offering superior consistency, completeness, and quantitative
accuracy, targeted experiments afford a new avenue to test
and generate biological hypotheses (15). SRM, primarily per-
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formed on triple quadrupole (QqQ) MS, has emerged as the
MS “gold-standard” for targeted proteomics (21) and is a
broadly accepted alternative to the traditional multiplexed
immunoassay (20). Numerous studies have successfully em-
ployed QqQ SRM for both absolute and relative quantitation
of analytes in applications ranging from clinical diagnostics
(22–27) to whole systems analyses (28–30). The rising popu-
larity and promise of the SRM technique have also spawned
a plethora of new analysis approaches and software tools. For
example, many algorithms and software tools have been de-
veloped to expedite assay development by aiding in the se-
lection of proteotypic peptides (31), peptide transitions, and
instrument parameters (reviewed in Cham Mead et al. (32)).
Additionally, through community effort, several publicly avail-
able databases of tandem MS spectra (33–39) and validated
SRM assays (40, 41) are available to provide empirical guides
to transition selection and assay development. Several
groups have also presented elegant solutions to maximize
instrument duty cycle and improve assay specificity. Picotti
and colleagues (42), for instance, demonstrated use of syn-
thetic peptide libraries to accelerate SRM assay development.
Likewise, Kiyonami et al. (43) recently introduced a strategy
that boosted SRM bandwidth by restricting the number of
transitions per target acquired before and after target elution.
By limiting the acquisition of full transition sets to a few
occasions during peptide elution, this strategy enabled simul-
taneous qualitative and quantitative analysis of 6000 transi-
tions in one hour, a substantial boon to SRM throughput.

In recent years, discovery-based proteomic methods, such
as the shotgun method discussed above, have been trans-
formed by significant advancements in instrumentation; key
figures of merit, such as sensitivity, duty cycle, mass accu-
racy, and mass resolution have seen remarkable improve-
ments (44). Although these developments have done little to
directly curtail the reproducibility issues that the SRM method
so effectively counters, the achievable depth of proteomic
sampling (i.e. analytical sensitivity) within the discovery con-
text continues to improve. Central to this evolution is the
increased performance, and availability, of high resolution and
accurate mass (HR/AM) instrumentation (44). Namely, devel-
opments in time-of-flight (TOF) technology (45), and the ad-
vent of the Orbitrap mass analyzer in 2005 (46–49), have
made fast and sensitive MS/MS scanning (50–53) with �10
parts-per-million (ppm) mass measurement error routine (54).
For discovery experiments, the ability to acquire MS/MS
scans with high resolution and low-ppm mass errors offers
several advantages, including higher confidence sequence
identification (44, 55), post-translational modification site lo-
calization (56), and improved quantitative accuracy. Coming
from this perspective, we wondered whether the highly accu-
rate mass measurement capabilities of today’s new-genera-
tion MS instrumentation could be leveraged to provide ben-
efits within the targeted proteomics domain.

Driving our inquiry was the newly introduced Q Exactive
bench-top quadrupole-Orbitrap MS (QqOrbi) (47), which,
along with quadrupole-TOF (QqTOF) instrumentation (45),
possesses a geometry essentially equivalent to a QqQ, except
that the third quadrupole of the QqQ is replaced by an Or-
bitrap (or TOF) analyzer (Fig. 1A, 1B). The QqOrbi achieves a
12 Hz scan rate at a resolution of 17,500 for both MS and
MS/MS scanning, quadrupole mass filter isolation with mass
windows as small as �0.2 Th, and mass measurement errors
typically �1 ppm with internal calibration and �5 ppm with
external calibration (47). With these performance characteris-
tics, we envisioned a targeted proteomics strategy where all
products of a target peptide are simultaneously monitored
under conditions that offer high resolution and high mass
accuracy. Operation would be identical to a SRM scan except
that all transitions would be codetected and distinguished
from one another, and from background, by the final mass
analysis stage. We call this mode of operation parallel reac-
tion monitoring (PRM).

The PRM technique has several potential advantages over
the traditional SRM approach. First, PRM spectra would be
highly specific because all potential product ions of a peptide,
instead of just 3–5 transitions, are available to confirm the
identity of the peptide (57, 58). Second, PRM could provide a
higher tolerance for co-isolated background peptides/spe-
cies. Because numerous ions would be available for identifi-
cation and quantitation purposes, the presence of interfering
ions in a full mass spectrum would be less disruptive to overall
spectral quality than interference in a narrow mass range,
especially because high resolution can often separate these
ions from the product of interest. Note that one could extend
this concept to a multiplexed PRM scan where the product
ions of several target peptides are comingled and detected in
a single-scan (47). And third, because PRM monitors all tran-
sitions, one need not have prior knowledge of, or preselect,
target transitions before analysis. These points suggest an-
other potential advantage of the PRM approach: elimination of
much of the effort required to develop and optimize the tra-
ditional SRM assay.

Given that a QqQ possesses a duty cycle approaching
100% and uses electron multiplier-based detection, which is
inherently more sensitive than image current-based detection
(Orbitrap), it is not obvious that the PRM method will afford
sensitivity comparable to the current state-of-the-art SRM
approach. However, we postulate that what PRM lacks in
sensitivity and duty cycle might be effectively countered by
the selectivity of HR/AM measurement. Here, we implement
PRM on a QqOrbi system and benchmark method perform-
ance with triplicate analysis of 25 isotopically heavy-labeled
synthetic peptides spanning a concentration range of 105

under neat and matrix-containing conditions. We assess key
figures of merit, including data quality, run-to-run reproduc-
ibility/precision, dynamic range/sensitivity, and measurement
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accuracy/linearity. Finally, we draw a performance compari-
son to SRM operating on a common QqQ platform.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Unless otherwise specified, all reagents
used herein were purchased from Sigma Aldrich (St. Louis, MO).
Acetonitrile was purchased from Fisher Scientific (Fair Lawn, NJ) and
formic acid (�99%) from Thermo Fisher Scientific (TFS, Rockford, IL).
Ultrapure water was supplied from a Barnstead Nanopure Diamond
ultrapure water system (resistivity 18.2 M�-cm; TFS, Dubuque, Iowa).

Sample Preparation—Twenty-five heavy-labeled hypothetical tryp-
tic human peptides (Table I) were synthesized by Fmoc solid-phase
synthesis, purified by HPLC, and solubilized in 5% v/v CH3CN/water
at a concentration of 5 pmol/�l � 25% with purity �97% (Heavy-
Peptides AQUA QuantPro; TFS, Ulm, Germany). All 25 peptides
(QqOrbi experiments) or a selection of 14 of the 25 peptides (QqQ
experiments) were mixed and used neat with intact bovine serum
albumin (BSA) carrier protein (200 fmol/�l in 0.1% HCOOH/water) or
spiked into a whole-cell tryptic digest of yeast (1 �g/�l in 0.1%
HCOOH/water), prepared as previously reported (59), at the following
concentrations (fmol/�l or nM): 0.002, 0.02, 0.2, 2, 20, and 200. A one
microliter aliquot of each sample was subjected to C18-reversed phase
liquid chromatography prior to mass spectrometry (see supplemental
Methods 1.1 for liquid chromatography conditions).

Mass Spectrometry—In all experiments, HPLC eluent was intro-
duced into the mass spectrometer via an integrated electrospray
emitter (60) (pulled in-house via laser micropipette puller; Sutter In-
strument, Novato, CA) operated at 2.0–2.2 kV and coupled to a
custom nano-ESI source. QqOrbi experiments were performed on a
quadrupole mass filter-equipped bench-top Orbitrap mass spectrom-
eter (Q Exactive, TFS, Bremen, Germany). Each sample (6 concen-
trations � 2 background matrix conditions) was analyzed in triplicate
under two mass spectrometric conditions: 1) PRM with an isolation
width of �1 Th, and 2) PRM with an isolation width of �0.2 Th.
Samples were analyzed in order of increasing concentration with an
extensive column wash between each concentration set to minimize
carry-over. In all experiments, a full mass spectrum at 70,000 reso-
lution relative to m/z 200 (AGC target 1 � 106, 250 ms maximum
injection time, m/z 200–2000) was followed by up to 25 PRM scans at
17500 resolution (AGC target 2 � 105, 120 ms maximum injection
time) as triggered by a scheduled inclusion list (Table I). Ion activation/
dissociation was performed by beam-type CAD at a normalized col-
lision energy of 25% in a higher-energy c-trap dissociation (HCD)
collision cell. Instrument spectral mass accuracy was checked and
calibrated after each concentration set (approximately every 1.5
days). PRM parameters were optimized and selected from prior ex-
periments (supplemental Results and Discussion 2.1 and supplemen-
tal Fig. S6).

QqQ experiments were performed on a TSQ Quantum Discovery
Max (TFS, Austin, TX). Each sample was analyzed in triplicate in order
of increasing concentration, targeting a selected set of 14 peptides in
scheduled SRM mode (see Table I for transitions, collision energies,
and scheduling). For each transition, a 35 ms dwell time, Q1 and Q3
selectivities of 1.0 and 0.7 Th (FWHM), respectively, and Q2 collision
gas pressure of 1.0 mTorr argon were employed. Collision energies
(CE) for each peptide precursor were individually optimized in prior
experiments (data not shown) using the following empirically derived
formula as a reference point: CE � 0.025 x precursor m/z � 12.

Data Analysis—PRM data were manually curated within Xcalibur
Qual Browser (version 2.2.0.23; TFS, San Jose, CA) and through use
of an internally developed script, ElutionProfiler. Elution Profiler was
developed in C#/.NET with Microsoft Visual Studio 2010 and .NET
Framework version 3.5 (Redmond, WA) (available on our website at
http://www.chem.wisc.edu/�coon/software.php). Access to data in

the proprietary TFS .raw file format was enabled by the XRawfile Com-
ponent Object Model (COM) library (XRawfile2.dll, installed automati-
cally with Thermo Xcalibur). ElutionProfiler used .raw files as input to
generate an extracted score chromatogram (XSC) for each PRM spec-
trum. The spectral score was calculated based on all present, se-
quence-specific b- and y-ions using the following formula (Eq. 1):

Score � �
n

k

(0.25�b (n) � �y (n))n

where the result of the Dirac delta functions, �b and �y, is 1 if the nth
ion in the spectrum is a b- or y-ion with �5 ppm mass error, respec-
tively, and 0 in all other cases. n is the product ion number (e.g. 4 for
a y4 or b4 ion), k is the length of the peptide (number of amino acids),
and 0.25 is an arbitrarily-chosen scalar to weight b-ions (not contain-
ing an isotopically heavy-labeled arginine or lysine at the c-terminus)
less than equivalently numbered y-ions. XICs were generated using
the summed intensity of all possible b- and y-product ions for a
particular peptide, extracted at a �10 ppm mass tolerance. Detection
was based on the presence of product ion signals in at least 2 of 3
replicates within �3� min of the expected retention time, mass error
within �5 ppm, chromatographic signal-to-noise �3, and the pres-
ence of a combination of product ions in at least one spectrum with
a score meeting or exceeding a peptide-specific threshold equal to
the length of the targeted peptide (k) in all cases. See supplemental
Methods 1.2 for QqQ SRM detection criteria, calculation of perform-
ance metrics, and statistical methods.

In Silico Calculations—A script, available at http://www.chem.wisc.
edu/�coon/software.php, was written in C#/.NET using Visual Studio
2010 for all in silico calculations referenced in the text. The human
tryptic peptidome was modeled using the UniProtKB human protein
database (accessed 11 Nov 2011, http://www.uniprot.org/taxonomy/
complete-proteomes) with the following parameters: �1 enzyme ter-
minus, �4 missed cleavages, peptide length of 5–45 amino acids,
intact peptide mass of 200–9000 Da, fixed cysteine carbamidomethy-
lation, variable methionine oxidation, and assumed cleavage of initi-
ator methionine residues. Each of the 20,332,717 unique peptide
sequences comprising the human peptidome was assessed for its
potential to interfere in precursor and product ion measurement of the
25 peptide sequences studied here, in both light and heavy forms (50
total), considering the y-ion transitions monitored on the QqQ (Table
I). For peptides not monitored on the QqQ, equivalent y-ions were
chosen. Intact confounder peptides were considered in charge states
from 1–5 (monoisotopic mass only, isotopes were not considered).
Confounder product ions were considered in charge states from 1 to
one less the precursor charge state and were of the following ion types:
b, y, a, b/y/a - H2O if containing amino acids D, E, S, or T, b/y/a - NH3

if containing amino acids K, N, Q, or R, internal fragments, and
sequence-specific immonium ions. Interference in all QqOrbi exam-
ples met the following requirements: mass measurement tolerance of
�5 ppm and precursor isolation width of �1 Th. Interference in all
QqQ examples met the following requirements: mass measurement
tolerance of �250 ppm, precursor isolation width (Q1) of �0.5 Th, and
product isolation width (Q3) of �0.35 Th.

All data referenced in this study is available as Thermo .raw files at
http://www.chem.wisc.edu/�coon/Downloads/RawData/Peterson_
PRM_QqOrbi.zip/ and /Peterson_PRM_QqQ.zip/.

RESULTS AND DISCUSSION

Here, we investigate the performance of parallel reaction
monitoring (PRM) on a high resolution and accurate mass
(HR/AM) quadrupole-Orbitrap mass spectrometer (QqOrbi)
for targeted, quantitative proteomics with respect to the gold-
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standard SRM method performed on a triple quadrupole
(QqQ) instrument. In PRM, we have substituted a HR/AM
Orbitrap mass analyzer for Q3 within the context of a conven-
tional SRM experiment. Thus, instead of serially monitoring
target transitions over several ion injections and low resolution
mass measurement periods (Fig. 1A), PRM monitors all prod-
uct ions of a mass-selected peptide target in parallel with one
ion injection and full mass range Orbitrap mass analysis (Fig.
1B). We queried a set of 25 isotopically heavy-labeled syn-
thetic peptides spanning six orders-of-magnitude in concen-

tration (2 pM to 200 nM, corresponding to 2 amol to 200 fmol
on column) with and without peptide background using PRM
with isolation widths of �1 and �0.2 Th. Three technical
replicates were performed for each experiment with one mi-
croliter of sample injected on column in all experiments. For
comparison, we analyzed 14 of the 25 peptides using a tra-
ditional, optimized QqQ SRM assay. Equivalent experiments
and comparisons were also performed using selected ion
monitoring (SIM) on the QqOrbi. Although not described in the
body text in detail, interested readers can consult the supple-
mental Results and Discussion 2.4–2.6 and supplemental Fig.
S5 for more information.

Theoretical Comparison of SRM and PRM—The process of
targeting a peptide with SRM involves two stages of quadru-
pole mass filtering with tight tolerances for both members of
a precursor-product ion transition. Because all product ion
transitions targeted for a given precursor peptide (usually 3 to
5) are required to simultaneously elute, the likelihood of mis-
taking a nontarget peptide or background ion for the targeted
peptide is a rare occurrence; hence, SRM is considered to be
a highly specific assay. The proposed PRM method involves
only one stage of quadrupole mass filtering (of the precursor
of interest) before mass analysis in an Orbitrap. The Orbitrap,
however, by nature of its high resolution and high mass ac-
curacy should more effectively separate ions of interest from
background ions than the electron multiplier-based detection
used in a QqQ. Thus, to motivate our experiments, we asked
how PRM compares theoretically to SRM in terms of speci-
ficity. In other words, can the selectivity of Orbitrap HR/AM
mass analysis make up for use of only one stage of mass
filtering?

To answer this question, we digested the human proteome
with trypsin in silico to yield over 20 million unique peptide
sequences (see Experimental Procedures for details). For our
calculations, we considered these peptides to be potential
confounders in the measurement of the precursor and prod-
uct ions of the 25 isotopically heavy-labeled peptides targeted
in this study, as well as their 25 corresponding unlabeled
peptides (50 total). For each unique confounder peptide, con-
sidered in charge states from 1 to 5, we further generated all
possible b, y, a, b/y/a - water, and b/y/a - ammonia product
ions, internal fragments, and immonium ions in charges rang-
ing from 1 to one less the precursor charge state. We then
asked how often, depending on the amount of evidence re-
quired by the assay and the mass analyzer employed, the
numerous ions generated by the confounder population re-
sulted in indistinguishable interference in the measurement of
one of our target peptides. The results of these queries are
summarized in Fig. 1C.

First, we consider a query requiring the least evidence of
the targeted peptide, a SIM experiment. In SIM, an intact
target peptide ion is isolated in Q1 and mass analyzed without
further transformation. We begin our theoretical calculations
with SIM to explore the effect of mass accuracy/resolution

FIG. 1. Schematic representation of SRM (A) and PRM (B) as
performed on QqQ and QqOrbi (or QqTOF) instrumentation, re-
spectively. In SRM (A), each product ion transition (white circle) is
serially monitored (from 1 to 5) one at a time in distinct scans. In PRM
(B), all product ion transitions (1–5, and all possible product ions,
shown as black circles) are analyzed/monitored in one concerted,
high resolution and high mass accuracy mass analysis. Q1 and Q3
refer to the first and third mass-resolving quadrupoles of the QqOrbi
(Q1 only) and QqQ, and q2 to the quadrupole (or cell, in the QqOrbi
case) in which beam-type CAD is performed. The isolation widths
employed for each device in both experimental and theoretical data
are given below each respective device. C, Theoretical comparison of
the rate of correctly identifying a target peptide (as true positive rate
in percent, TPR) from all theoretically possible peptides in the human
tryptic peptidome in SIM and reaction monitoring experiments in
which 1, 2, and 3 y-ion transitions (labeled as 1T, 2T, and 3T, respec-
tively) are monitored for Orbitrap or TOF instruments (�5 ppm) and
QqQ (�250 ppm) for the 25 peptides used in this study in their light
and heavy forms (50 total peptides). Count refers to the average
number of possible confounding species, including the target pep-
tide, represented by the boxplots. TPR is calculated as 100/count.
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alone on selectivity. Assuming Q1 isolation widths of �0.5
and 1 Th, and mass errors less than �250 and 5 ppm, for the
QqQ and QqOrbi, respectively, highly accurate mass analysis
improves the chances of correctly identifying the target pep-
tide (96 � 3%) by exclusion of a large number of spurious
peptides (7151 � 1447, on average). Still, such an experiment,
however, would only produce an unambiguous identification
�1% of the time (Fig. 1C). Note, these calculations assume no
upfront chromatographic separations and that all genome-
predicted peptides are translated and detectable (i.e. the
worst-case scenario).

Though it is obvious that high accuracy mass measure-
ments increase specificity, it is less clear that this benefit
persists in reaction monitoring experiments. To test this, we
considered the number of intact peptides that could poten-
tially be co-isolated with a given target peptide (assuming �1
and �0.5 Th Q1 isolation windows centered on the target
peptide m/z for the QqOrbi and QqQ, respectively) and then
generate at least one product ion (of any type) with a m/z
within �5 ppm (QqOrbi) or �250 ppm (QqQ) of a y-ion tran-
sition from the target peptide. As shown in Fig. 1C, the spec-
ificity of a HR/AM analyzer substantially reduces the number
of spurious peptide ions that can interfere in the correct
identification of a target peptide by its y-ion transitions (shown
as the rate of correct target identification, or true positive
rate). The inclusion of 1, 2, or 3 y-ion transitions with high
mass accuracy measurement results in approximately a (10 �

14)-fold, (53 � 35)-fold, and (112 � 81)-fold greater likelihood
of correctly identifying a target peptide compared with the
inclusion of 1, 2, or 3 y-ion transitions at low resolution,
respectively. Even if observation of all three y-ion transitions
were required, as is typically the case in QqQ SRM assays,
the likelihood of correctly identifying a target at low resolution
and unit mass accuracy is still less than 1% for the 50 pep-
tides considered here (0.6 � 0.3%). Again, these calculations
do not consider the significant benefit that is achieved by
chromatographic separation and model a worst-case sce-
nario. Even still, the detection of three y-ion transitions at
high mass accuracy (i.e. �5 ppm mass error) provides
nearly unambiguous target confirmation (1.6 � 1.1 potential
confounders) from the background of the entire human
peptidome.

These theoretical calculations confirm our guiding suppo-
sition that PRM can provide greater routine specificity as
compared with conventional SRM. Whether this result implies
greater overall performance in targeted, quantitative proteom-
ics studies compared with SRM, however, depends on sev-
eral additional, but important, factors: whether both analyzers,
one image current-based and the other electron multiplier-
based, are capable of detecting the targeted species, and
whether both analyzers can reproducibly and accurately
measure the abundance of the targeted species. Given that
PRM relies on an analyzer that is fundamentally less sensitive
and slower than that used in SRM, investigation of these

factors will reveal whether selectivity/specificity can over-
come limitations in speed and sensitivity. In the following
sections, we empirically investigate this issue through a sys-
tematic analysis of reproducibility, sensitivity, and linearity of
both methods.

Detection Criteria for PRM and SRM—The detection crite-
ria we developed for PRM incorporate the benefits of high
selectivity and specificity HR/AM mass analysis, as dis-
cussed above. By making use of full mass range MS/MS
spectra and the high specificity of product ions when meas-
ured with high mass accuracy, we developed an automated
detection algorithm that assigned a spectral score to each
PRM spectrum based on the presence of b- or y-ions within
�5 ppm of expected target-specific product ions using Eq. 1,
and then generated an “extracted score chromatogram”
(XSC) for that peptide. In the design of our spectral score, we
chose to weight b-ions less than equivalently numbered y-
ions because all of the peptides targeted in this study were
isotopically heavy-labeled at the c-terminus and analyzed in a
background of endogenous yeast peptides. Thus, y-ions,
containing the heavy label, were more specific to our target
peptides than b-ions and were weighted as such. If the target
peptides of interest were not heavy-labeled, one might con-
sider equally weighting b- and y-ions for scoring purposes. A
positive detection event required that, in at least 2 of 3 repli-
cates, the XSC met or exceeded a peptide specific threshold
(equal to the length of the target peptide) within �3� min of
the expected retention time (supplemental Fig. S1). Fig. 2
shows the application of this score to exemplary data from the
peptide AETLVQAr (#17) under neat and matrix-containing
conditions over all six peptide concentrations. The XSCs
(gray) are overlaid with XICs (blue) generated using the
summed intensity of all b- and y-ions present in each spec-
trum. Note that XSCs are used solely for establishing a de-
tection event and not for quantification as the score is inde-
pendent of ion intensity. Following a positive detection event,
the target-specific ions that generated the detection event are
extracted as an XIC for quantification. This peptide was de-
tected at concentrations spanning four orders-of-magnitude
(from 20 pM to 200 nM) without matrix, and over three orders-
of-magnitude (from 200 pM to 200 nM) in the presence of yeast
matrix.

In Fig. 2, at high target peptide concentrations (e.g. 20–200
nM), the XSC often increases above threshold before the XIC
shows any noticeable intensity change and stays above
threshold after the XIC intensity has fallen. This characteristic
is ascribable to the intensity-independence of the score, and
suggests that high quality Orbitrap spectra, in terms of the
presence of product ions with high mass accuracy, can be
acquired independently of ion intensity above some intensity
threshold. At low concentration, especially in the presence of
matrix (see 200 pM in matrix), the XSC easily distinguishes
nearby, spurious XIC signals from target-derived signals,
demonstrating score specificity. The detection threshold was
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chosen to ensure that an accepted score (signifying target
detection) would, at least, contain one y-ion with m/z greater
than the precursor m/z. Although this threshold does not
definitively ensure that a score above the threshold is entirely
specific to only the target peptide, use of the threshold suc-
cessfully separated spurious signals from target-specific sig-
nals, agreeing with or being more conservative than manual
interpretation of the data in all cases. supplemental Fig. S2
plots the distribution of the spectral score for all possible
combinations of b- and y-ions arising from an eight-amino-
acid peptide, such as AETLVQAr, by the fraction of the score
described by each ion. Example ion combinations are given at
several scores below and above the threshold. supplemental
Table S1A–D catalog the maximum XSC scores measured for
each replicate, concentration, and PRM experiment type
(supplemental Results and Discussion 2.2).

QqQ SRM experiments were performed to provide a stand-
ard for comparison of our QqOrbi PRM data. QqQ SRM data
were analyzed manually based on detection criteria com-
monly used in the literature for SRM analyses (42). A positive
peptide detection event occurred when eight of 10 criteria
were met in a least two of three replicates. Originally, we
required 10 of 10 criteria to be met in at least two of three
replicates, but relaxed this criterion to improve the complete-

ness of the data set and thus our ability to compare it to the
PRM data set. The ten criteria were: 1) the appearance of
three co-eluting transitions within �2.5 min of the expected
retention time (supplemental Fig. S1), 2–4) average transition
m/z within �500 ppm of the expected m/z, 5–7) average
transition abundance within �15% of the expected abun-
dance, and 8–10) individual transition XICs with signal-to-
noise meeting or exceeding three. Peptides, transitions, and
other experimental parameters for SRM are listed in Table I.

Fig. 3A compares PRM with �1 Th isolation to SRM for the
detection of peptide GVSAFSTWEk (#1) at 200 pM and 2 nM (200
amol and 2 fmol, respectively, on column) in the presence of
yeast matrix. In PRM, the signals present in the XIC during the
entire duration for which this peptide was targeted are exclu-
sively due to the targeted peptide, even at the lowest concen-
tration detected (200 pM; XICs at lower concentrations had zero
intensity). Numerous other y-ions (shown in gray) are also pres-
ent at the 2 nM level, adding confidence to the detection and
generating maximum spectral scores well above the threshold
of 10 for this peptide. By contrast, transition XICs in the SRM
data show numerous background signals throughout the dura-
tion over which the peptide was targeted (far right). At the 200
pM level, while numerous signals are present in the XICs for each
SRM transition, the high level of chemical noise in all transition

FIG. 2. Extracted PRM score chromatograms (XSC, �5 ppm, gray) overlaid with XICs (�5 ppm, blue; 7-point boxcar smoothed) and
single-scan PRM spectra for peptide AETLVQAr (#17) isolated at �1 Th under neat (left) and matrix-containing (right) conditions from
2 pM to 200 nM. Red dotted line in XSC plots represents the score acceptance threshold (8) for this peptide. Product ions detected in each
spectrum are highlighted and the spectral score is labeled. Yellow arrows in each XIC/XSC plot indicate the retention time at which the
associated single-scan spectrum was acquired. Hashed area in XIC/XSC plots designates the retention time period during which peak elution
was expected based on the �3� range around the average retention time observed in 200 nM analyses.
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channels prevents confident determination of the presence of
the target peptide. This example demonstrates the enhance-
ment of sensitivity that can be achieved via PRM because of the
high selectivity of HR/AM mass analysis, as well as the ease
with which determinations of presence or absence of a peptide
target can be made with HR/AM data.

PRM Measurement Precision—In quantitative studies, high
measurement precision is critical to reliably distinguish differ-
ences between two analyses or samples. We assessed the
degree of measurement precision for the PRM method, de-
fined here as run-to-run area-under-the-curve (AUC) repeat-
ability across technical replicates, for all concentrations and

TABLE I
Peptides and instrument parameters used in this study

c - carbamidomethylcysteine (� C2H3NO), r - heavy labeled arginine (13C6
15N4), k - heavy labeled lysine (13C6

15N2).

# Peptidea
PRM parameters SRM parameters

Mono. mass Parent m/z Sched. RT (min) Parent m/z Transition m/z CE (%) Sched. RT (min)

1 GVSAFSTWEk 1118.5488 560.2817 28.0–33.0 560.584 658.646 26 35.0–89.0
805.821
963.977

2 HFLTLAPIk 1046.6368 524.3257 26.5–31.0
3 ARPAcVDAr 1024.5112 513.2653 0.0–10.0
4 SGWTcTQPGGr 1281.5753 608.7738 13.0–20.0
5 EGQLAAGTcEIVTLDr 1741.8544 871.9345 29.0–36.0 872.432 1174.245 30 37.5–89.0

1245.323
1316.402

6 LWSLAEIATSDLk 1476.5364 727.9027 40.0–53.0
7 SEDEDEDEGDATr 1648.8118 739.2755 7.0–14.0
8 DIQFGSQIk 1042.5539 522.2842 23.0–29.0 522.557 540.555 25 29.0–37.5

687.731
815.861

9 HTGTPLGDIPYGk 1436.6875 682.3584 22.5–27.0
10 NSWGTDWGEk 1215.5330 594.2640 25.5–30.5 594.580 743.708 27 29.0–37.5

800.760
986.971

11 FSDLTEEEFr 1362.7023 641.7949 27.0–31.5 642.134 719.675 28 29.0–89.0
820.762
933.920

12 SFEGTDYGk 1010.4436 506.2291 13.0–20.0 506.491 591.556 25 22.0–29.0
648.608
777.723

13 TLNGIQLAr 994.5799 498.2972 21.0–26.5 498.544 610.663 26 22.0–35.0
667.715
781.818

14 AFSQNSVLIk 1113.6274 557.8210 22.5–27.0
15 WPGYLNGGr 1028.5067 515.2606 26.5–31.0 515.532 689.677 25 29.0–89.0

746.729
843.845

16 GALDGEAPr 894.4435 448.2290 10.0–20.0 448.441 539.498 23 1.0–29.0
654.586
767.745

17 AETLVQAr 896.4955 449.2550 10.0–20.0 449.471 483.478 23 1.0–29.0
596.636
697.741

18 FLNPEWk 940.4898 471.2522 26.5–31.0
19 LEQNPEESQDIk 1453.7908 719.3510 10.0–20.0
20 SEASSSPPVVTSSSHSr 1186.5135 571.2756 10.0–15.0 571.569 583.511 26 1.0–22.0

771.693
870.825

21 APcQAGDLr 996.4686 499.2416 10.0–15.0 499.520 541.514 24 1.0–22.0
669.644
829.839

22 TWFQNQr 988.4754 495.2450 20.0–26.0
23 TVFSSTQLcVLNDr 1710.8048 825.4132 31.0–40.0 825.891 899.973 29 37.5–89.0

1129.207
1216.285

24 FSEVSADk 889.4273 445.7209 10.0–17.0 445.944 527.513 22 1.0–29.0
656.628
746.706

25 GLYEGTGr 861.4220 431.7183 10.0–20.0
a All peptides have a charge state (z) of �2, except for peptide #20 (z � �3).
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isolation widths. Overall, PRM exhibited high measurement
precision with median percent relative standard deviation
(%RSD) less than 10% in most cases (supplemental Table
S2A). The main factors negatively affecting measurement pre-
cision (increasing %RSD) were low target peptide concentra-
tions and individual peptide characteristics. Neither isolation
width nor the presence of matrix resulted in statistically sig-
nificant differences in precision (� � 0.05; NB, all discussion
of mean %RSDs and statistical significance refer to log-trans-
formed data; see supplemental Methods 1.2). The precision of
measurements at the lowest concentration typically detected
in neat PRM, 200 pM, was significantly lower than at all other
(higher) concentrations. In the matrix-containing PRM data,
however, no significant differences in the measurement pre-
cision of adjacent concentrations were observed (supplemen-
tal Table S2B). When grouped by peptide alone, only very

hydrophilic, poorly retained peptides, #3 and #7, had signifi-
cantly decreased measurement precision when compared
with the other 23 peptides (supplemental Table S2C).

We find that PRM measurement precision is consistent with
studies reporting run-to-run precision data in QqQ SRM ex-
periments. For example, in the 2009 multi-laboratory study of
SRM measurement repeatability and reproducibility for pep-
tides spiked into plasma, Addona et al. (20) found both intra-
and inter-laboratory precision to be similarly less than 15%
RSD across the concentration range studied (1–500 nM). Like-
wise, precision improved for measurements at higher target
concentrations. Kiyonami and colleagues (43) also reported
similar precision metrics in their large-scale intelligent-SRM
(iSRM) experiments, observing that 80% of the 757 peptides
targeted in yeast exhibited less than 10% RSD. Compared
with other studies using HR/AM mass spectrometers (quadru-
pole linear ion trap (QLT)-Orbitrap, QqTOF, and QLT-FT-ICR)
for targeted, quantitative measurements (61–65), QqOrbi
PRM achieved, on average, two- to threefold better run-to-run
measurement precision.

PRM Dynamic Range—On average, PRM experiments
yielded quantitative information between 2–4 concentration
orders-of-magnitude (93%), with the majority of experiments
resulting in quantification across 3 orders-of-magnitude
(54%, 0.2 to 200 nM; supplemental Table S3A, supplemental
Fig. S3). The wider PRM isolation width, �1 versus �0.2 Th,
resulted in improved dynamic range—neat, 103.3 versus 102.6,
and matrix, 102.7 versus 102.2 (supplemental Table S3B). The
presence of matrix in PRM experiments resulted in a modest
depression of the quantifiable dynamic range, �0.5 orders-
of-magnitude (matrix versus neat, 102.4 versus 103.0). Al-
though tighter isolation widths slightly mitigated the effects of
matrix-induced sensitivity depression, at the expense of over-
all sensitivity, this difference was not significant (supplemental
Table S3A). These results indicate that, although an increase
in selectivity due to gas-phase enrichment would be expected
by tighter isolation widths, the concomitant decrease in ion
transmission at very tight isolation widths (�0.2 Th), in con-
junction with Orbitrap detection, results in decreased sensi-
tivity as too few ions are present for the target signal to
exceed the Orbitrap’s thermal noise band. However, with a
HR/AM analyzer, the wider isolation width, which provides
greater ion transmission, but also higher levels of chemical
noise, can be used without a decrease in performance be-
cause of the high selectivity of the mass analysis.

Linearity of PRM Measurement Response—The linearity
of measurement response—or, measurement accuracy—
was calculated as the percent RSD of response factors
(AUC normalized by concentration) over the concentration
range for which a peptide was detected. In general, linearity
was not significantly influenced by isolation width or the
presence of matrix: mean neat %RSDs of 37.1 and 36.4,
and mean matrix %RSDs of 35.7 and 34.2, were observed in
PRM experiments with �0.2 and �1 Th isolation widths,

FIG. 3. A, Comparison of QqOrbi PRM detection at �1 Th with
QqQ SRM for peptide GVSAFSTWEk (#1) at 200 pM and 2 nM in the
presence of matrix. Transition XICs are shown for the entire duration
over which the peptide was targeted, with a zoom-in on the relevant
time period in the QqQ SRM case (from the region shaded in gray in
the chromatograms at the far right). Additional y-type product ions
present in the PRM data are shown in gray. XICs were extracted at �5
and �250 ppm for PRM and SRM, respectively. The maximum spec-
tral score attained at each concentration in PRM is also labeled. B,
Lowest concentration detected (as number of attomoles of peptide on
column) for each peptide in neat and matrix-containing experiments
for the 14 peptides targeted in both SRM and PRM.
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respectively (supplemental Tables S4A, S4B). If the lowest
detected concentration, associated with lower overall
measurement precision (vide supra), was excluded from
each experiment, however, linearity improved and some
significant differences emerged based on the presence of
matrix (supplemental Tables S4C–S4F). Surprisingly, matrix-
containing experiments were found to possess greater line-
arity than their neat counterparts in all experiments, with
%RSDs of 23.2% for neat PRM and 12.0% for matrix PRM
(supplemental Table S4D).

Because of the truncation of the measured dynamic range
observed in the presence of matrix, we posited that greater
linearity in matrix-containing experiments was an artifact of
simply considering a smaller concentration range. Since lower
precision on lower concentration measurements make it more
challenging to arrive at an accurate average AUC from only
three replicates, experiments quantifying over a wide dynamic
range (e.g. neat experiments) could have decreased linearity
due to low measurement accuracy at the lowest detected
concentrations. To address this, we calculated an adjusted
%RSD for each experiment and peptide that accounted for
the dynamic range represented by a %RSD value (see sup-
plemental Methods 1.2). The adjusted %RSD separates out
contributions of dynamic range and concentration from the
linearity estimate, thereby providing a more fair comparison
between experiments where the dynamic range quantified is
drastically different. These adjusted linearity values no longer
demonstrate the surprising trend observed above when the
lowest concentration was excluded (13.5% Adj. RSD neat ver-
sus 16.6% Adj. RSD matrix). Using the adjusted linearity metric,
PRM was not significantly affected by the presence of matrix (or
isolation width, as before) (supplemental Tables S4G, S4H).

QqQ SRM Measurement Precision, Dynamic Range, and
Linearity—Like the PRM data described above, the QqQ SRM
data, which queried a subset of 14 of the 25 peptides ana-
lyzed on the QqOrbi, also exhibited a high degree of run-to-
run measurement precision, typically less than 15% RSD.
Unlike in PRM, however, measurement precision, when all
peptides and concentrations were considered together, was
significantly greater in the presence of matrix (supplemental
Table S5A). Lower peptide concentrations were again corre-
lated with decreased measurement precision, though only
significantly so under neat conditions (supplemental Table
S5B). Peptides were quantified on average over concentration
ranges of 103.3 (neat) and 102.2 (matrix), and the depression of
dynamic range under matrix-containing conditions was sta-
tistically significant. Linearity under matrix conditions bested
that under neat conditions with mean %RSDs of 16.7 and
42.1%, respectively. As in the QqOrbi, the loss of linearity was
often the result of peptide detection at the lowest concentra-
tions. Exclusion of these concentrations in %RSD calcula-
tions revealed no differences in linearity between matrix and
neat conditions. Likewise, if only data covering the same
dynamic range in both matrix-containing and neat conditions

were considered, effectively truncating the neat data to the
concentration range quantified in the matrix-containing data,
linearity differences due to matrix interferences were not sig-
nificant. Adjusted %RSDs, however, still exhibited signifi-
cantly decreased linearity in the neat case. Mean adjusted
%RSDs were 13.0 and 8.0% for neat and matrix data, respec-
tively (supplemental Table S5C).

We postulate that the adjusted %RSD correction did not
completely account for differences in linearity, as it did in the
PRM data, because the SRM detection criteria were not sen-
sitive enough to detect and exclude data at the lowest de-
tected concentrations in neat experiments that were skewed
by small amounts of chemical interference. In the matrix-
containing SRM experiments, on the other hand, more abun-
dant matrix interferences were easily detected and excluded
by the detection criteria (supplemental Fig. S4). Detection
criteria incorporating HR/AM data, however, more sensitively
detected and excluded aberrant responses and thus, devia-
tions in linearity were predictable and correctable (as adjusted
%RSDs) based on the detected dynamic range. This same
rationale can be applied to the discussion of measurement
precision above: when all neat data were considered, preci-
sion was diminished relative to the matrix-containing data set
because of the inclusion of background-skewed data not
excluded by the detection criteria.

Empirical Comparison of QqQ SRM and QqOrbi PRM—To
compare between QqQ SRM and QqOrbi PRM, we only con-
sidered the fourteen peptides analyzed in both data sets.
Under neat conditions, run-to-run measurement precision
(paired by peptide and concentration) was no different be-
tween QqQ SRM and QqOrbi PRM, regardless of the PRM
isolation width employed. In the presence of matrix, however,
SRM demonstrated significantly better measurement preci-
sion compared with both PRM data sets (5.6 versus 11.1%
RSD, respectively; supplemental Tables S6A, S6B). Because
neat SRM measurement precision, as discussed above, is
believed to be artificially decreased because of the inclusion
of chemical interference, it is likely that SRM exhibits superior
measurement precision under neat conditions as well (sup-
plemental Results and Discussion 2.3, Supplemental Table
S6B).

SRM exhibited greater measurement precision likely be-
cause of the higher sampling rate of the QqQ (almost twice as
many scans were acquired compared with the QqOrbi per
90 min chromatographic run). The ability of the QqQ to sam-
ple more points over a given chromatographic peak provided
a more accurate determination of the peak AUC and, in turn,
greater run-to-run repeatability. The difference in sampling
rate between the two methods is due to the characteristics of
the instruments used and, to some extent, necessary aspects
of the experimental design. Because the QqQ is a “beam-
type” instrument (as opposed to a scanning instrument like
the QqOrbi), it operates at a duty cycle nearing 100%; this
means that there is very little “down time” where the instru-
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ment is not acquiring data. The Orbitrap, conversely, as a
scanning instrument, has inefficiencies inherent to its design.
The Orbitrap transients employed here (required for MS/MS
scans of resolution 17,500) were approximately twice the
length of the 35 ms dwell times employed in the SRM method.
Additionally, whereas the QqQ cycle time was fixed, the cycle
time of the QqOrbi varied based on ion accumulation times,
which were dynamically set based on ion flux. At low sample
concentrations, QqOrbi injection times could reach as high as
120 ms to result in (at most) �40 ms of inter-scan “down time”
where mass analysis was not occurring. Shorter transients
and lower maximum allowable injection times could be used
to match the cycle times of the two methods at the expense
of overall performance: shorter injection times would de-
crease spectral quality/usability when ion flux is low, and
lower mass analysis resolution would undermine the benefits
that high selectivity brings to the PRM method.

Greater QqQ SRM measurement precision did not translate
into greater sensitivity or linearity compared with PRM. Under
neat conditions, SRM quantified a concentration range span-
ning 103.3 per peptide on average. This range is not statisti-
cally different from that achieved with PRM, 103.5, at the wider
isolation width. In matrix-containing experiments, however,
PRM quantified over a broader range at both isolation widths
(102.4 and 102.9 at �0.2 and �1 Th, respectively) than did
SRM (102.2), and significantly more at the �1 Th isolation
width (Table II). This result is illustrated on an individual pep-
tide basis in Fig. 3B. For both neat and matrix containing
experiments, the lowest concentration detected for each pep-
tide studied in the SRM and PRM (�1 Th) experiments is
plotted. SRM demonstrates a lower empirical detection limit

than PRM in only one case (peptide NSWGTDWGEk, neat). As
an aside, under matrix-containing conditions, SRM surpris-
ingly performed no better QqOrbi SIM: SIM quantified on
average over a range of 102.0 at an isolation width �1 Th,
statistically no different from SRM (see supplemental Results
and Discussion 2.5–2.6, supplemental Table S6C).

Under neat conditions, PRM demonstrated significantly
higher linearity over the quantified dynamic range compared
with QqQ SRM (Table II). Given that PRM under matrix-con-
taining conditions yielded quantitative data over a wider dy-
namic range than SRM, we calculated adjusted %RSDs, as
before, to normalize the linearity metric for the dynamic range
detected and permit a fair comparison of the data. With this
consideration, PRM linearity was statistically no different from
the linearity exhibited by SRM (Table II). Fig. 4 plots the SRM
linearity data for each of the targeted peptides as a function of
PRM linearity and is stratified by the presence of matrix and
isolation width. This data presentation demonstrates the ef-
fect of using the adjusted linearity metric on mean linearity
estimates (shown as vertical and horizontal lines), as well as
the relative distributions of the linearity metrics across the
data sets.

With these data, we find that a high resolution and accurate
mass MS can acquire data of similar quality to that collected
on a QqQ in a targeted, quantitative proteomics context with
1) minimal upfront development time, 2) straightforward data
analysis, and 3) similar performance metrics. Our PRM meth-
ods were designed and optimized on a method-level, rather

TABLE II
Comparison of QqQ SRM and QqOrbi PRM dynamic range and

linearity

SRM
PRM

�0.2 Th �1 Th

Means
Neat

# orders 3.3 2.7 3.5
%RSD 42.09 29.99 27.36
%RSDadj 12.97 11.80 7.72

Matrix
# orders 2.2 2.4 2.9
%RSD 16.09 29.98 29.08
%RSDadj 8.03 13.07 10.49

p values (SRM vs. PRM)
Neat

# orders 2.61E-02b 1.89E-01
%RSD 2.33E-02a 8.74E-04a

%RSDadj 2.38E-01 1.99E-05a

Matrix
# orders 5.47E-01 2.77E-03a

%RSD 2.72E-02b 3.08E-02b

%RSDadj 1.05E-01 5.11E-01
a PRM data show significantly greater linearity or dynamic range

(� � 5E-02).
b SRM data show significantly greater linearity or dynamic range

(� � 5E-02).

FIG. 4. Comparison of linearity as %RSD and adjusted %RSD
(supplemental Equation S1) for the 14 shared peptides targeted in
QqOrbi PRM experiments (y axis) and QqQ SRM (x axis) under
neat and matrix-containing conditions. Solid horizontal lines and
dotted vertical lines represent the mean %RSD value, also labeled in
the plot, of the associated data set. Data falling in the gray region
demonstrate greater linearity in PRM experiments. Data in the white
region demonstrate greater linearity in SRM experiments.
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than on the peptide-level as with SRM methods (i.e. optimi-
zation of individual collision energies and transition sets for
each target peptide). Thus, the PRM method has fewer pa-
rameters that require optimization (namely, only maximum
injection time/AGC target, “global” collision energy, and, op-
tionally, target scheduling) and can be performed with solely
knowledge of the mass-to-charge ratios of the target peptides
(and, optionally, the approximate retention time). These char-
acteristics make PRM amenable to the “walk-up” instrument
user who wishes to perform targeted, quantitative assays on
a list of targets in a time-efficient manner—collection of
MS/MS data and optimization of individual transition sets not
required. We believe that the data presented here reflect the
analytical performance a typical user might expect for PRM,
however the analysis parameters used here may not represent
the optimum conditions for all applications of PRM and would
require application-specific investigation.

In addition to the minimal upfront method development
needed to successfully perform a quantitative PRM assay, a
notable aspect of using HR/AM data for targeted proteomics
is the ease with which data can be interpreted and data
analysis can be automated. Within the course of this study,
we developed and automated a novel strategy for scoring and
detecting low level analytes in complex, chimeric Orbitrap
spectra that allowed sensitive detection of our target peptides
without the expense of selectivity. The specificity of accurate
mass measurements and the resulting paucity of marginal or
ambiguous situations in the data (which are difficult to ac-
count for in automated methods) enabled this rather simple
algorithm. On the other hand, even using well-established and
optimized detection criteria from the literature for SRM, the
SRM detection criteria were not sensitive enough to success-
fully detect and exclude data skewed by small amounts of
chemical interference, leading to poor reproducibility and lin-
earity. Furthermore, with the high specificity of a product ion
measured at high mass accuracy for a target peptide (as
demonstrated by our theoretical calculations) and the benefit
of full mass-range mass analysis, the PRM paradigm lends
itself well to future development of how targeted, quantitative
proteomic data are analyzed. Through use of theoretical cal-
culations, the high specificity of high mass accuracy data lays
the groundwork for a generalized and statistically sound de-
tection algorithm for reaction monitoring experiments that
incorporates probability of correctness measures, as well as
obviates the need for manual curation, ad hoc detection cri-
teria (42), “decoy transitions” at the measurement-level (66),
and the potentially high level of human intervention (and error)
that comes with such detection strategies.

Last, our analysis of the analytical performance character-
istics of PRM suggests that targeted HR/AM methods can
rival the performance of QqQ SRM in terms of dynamic range,
linearity, and, to a lesser extent, precision. Although SRM
measurement precision was �twofold better (under matrix-
containing experiments) likely because of differences in scan

rate between the two mass analyzers, PRM yielded quanti-
tative data over a wider dynamic range than SRM under
matrix-containing conditions. High mass accuracy and high
resolution underlie this result: when high levels of matrix
background are present, a single stage of isolation in com-
bination with highly resolved data is statistically significantly
more sensitive than two stages of isolation in combination
with low resolution data, the “gold-standard” method for
quantitative proteomic analyses. Additionally, achievable lin-
earity over the quantifiable dynamic range was found to be
statistically the same between SRM and PRM. Thus, in an-
swer to the query posed in our theoretical comparison of SRM
and PRM, our experimental data suggest that high selectivity/
specificity can overcome limitations in speed and sensitivity
to reliably provide lower detection limits and higher accuracy
measurements. We conclude that the proposed PRM analysis
paradigm holds promise as a viable, and accessible, alterna-
tive and/or complement to SRM for the quantitative proteom-
ics toolbox.

In support of our conclusions, a report by Weisbrod et al.
(61), published during the preparation of this manuscript,
described a method for data-independent discovery pro-
teomics on an Oribtrap MS that reinforces the favorable per-
formance of PRM relative to SRM for targeted proteomics. In
their “Fourier Transform-All Reaction Monitoring” (FT-ARM)
method performed on a QLT-Orbitrap MS, wide swaths of
mass-to-charge space (i.e. 100 Th) were accumulated and
isolated in the QLT using broadband waveforms, subjected in
bulk to dissociation, and simultaneously mass analyzed to
exploit the HR/AM properties of the Orbitrap. The authors
noted the ability to quantify peptides with FT-ARM, using the
product ions generated from in-bulk dissociation, with mod-
est sensitivity, reproducibility, and precision despite quite sig-
nificant interferences from other ions present in the 100 Th
isolation swath. This further corroborates that HR/AM mass
analysis enables real, quantitative information to be extracted
from highly interference-riddled measurements with little up-
front assay development or optimization. Because PRM in-
volves significantly less co-isolated interference and uses a
quadrupole mass filter-equipped platform better suited to
accumulation and isolation of large quantities of ions (to im-
prove sensitivity), these findings further support our conclu-
sions that PRM yields high quality quantitative measure-
ments, comparable to QqQ SRM, while simplifying method
development.

Looking forward, the PRM paradigm also enables new
modes of analysis that are currently unavailable on QqQ plat-
forms. Because of the modular nature of hybrid HR/AM MS,
these platforms provide an unprecedented amount of exper-
imental flexibility. Possessing the capabilities of both high
performance quantitative and high-throughput discovery pro-
teomics instruments, one can envision mixed mode analysis
types in which targeted and discovery experiments are per-
formed simultaneously. For example, when not engaged in
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profiling an eluting target species, the instrument could be
directed to perform conventional data-dependent or data-
independent MS/MS, thereby maximizing instrument time,
sample usage, and data density. Additionally, because of the
high specificity of ions measured at high mass accuracy and
consequently the reduced search space for potentially match-
ing peptides, intelligent data acquisition strategies are possi-
ble that enable on-the-fly database searching, spectral
matching, or spectral scoring (like that used here post-acqui-
sition). Such strategies would enable the mass spectrometer
to make decisions during acquisition, such as assessing
whether a target peptide had been adequately identified,
changing experimental parameters (CAD energies, isolation
width, injection times, etc.) to improve performance for a
particular target peptide, or determining its progress in a
chromatographic run to make dynamic modifications to target
peptide scheduling (67, 68).
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